Dendritic morphology determines many aspects of neuronal function, including action potential propagation and information processing. However, the question remains as to how distinct neuronal dendrite branching patterns are established. Here, we report that postsynaptic density-95 (PSD-95), a protein involved in dendritic spine maturation and clustering of synaptic signaling proteins, plays a novel role in regulating dendrite outgrowth and branching, independent of its synaptic functions. In immature neurons, overexpression of PSD-95 decreases the proportion of primary dendrites that undergo additional branching, resulting in a marked reduction of secondary dendrite number. Conversely, knocking down PSD-95 protein in immature neurons increases secondary dendrite number. The effect of PSD-95 is activity-independent and is antagonized by cypin, a nonsynaptic protein that regulates PSD-95 localization. Binding of cypin to PSD-95 correlates with formation of stable dendrite branches. Finally, overexpression of PSD-95 in COS-7 cells disrupts microtubule organization, indicating that PSD-95 may modulate microtubules to regulate dendritic branching. Whereas many factors have been identified which regulate dendrite number, our findings provide direct evidence that proteins primarily involved in synaptic functions can also play developmental roles in shaping how a neuron patterns its dendrite branches.
Introduction
Dendrite branching plays an important role in normal brain function. Branching patterns, the relationship between the primary dendrites arising from the cell body and higher order dendrites arising from primary dendrites, appear to be cell-type specific and play a role in determining how information is received and processed by a neuron (Vetter et al., 2001; Schaefer et al., 2003) . Dendritic arbors are shaped by intracellular factors, such as calcium/calmodulin-dependent protein kinase II (Fink et al., 2003) , the small GTPases RhoA, Rac1, and Cdc42 (Threadgill et al., 1997; Ruchhoeft et al., 1999; Li et al., 2000) , novel genes identified in Drosophila (Gao et al., 1999; Moore et al., 2002; Grueber et al., 2003; Ye et al., 2004) , ␤-catenin (Yu and Malenka, 2003) , glutamate receptor-interacting protein (GRIP) (Hoogenraad et al., 2005) , and a calcium-responsive transactivator called CREST (Aizawa et al., 2004) . Although these proteins regulate dendritic morphology, it has not been determined how a neuron decides in what manner its dendrites will branch (i.e., increasing proportion of primary dendrites that branch, and number of branches from a single branch point).
The establishment of mature dendrites and their branches is a multistep process and can be observed using dissociated rat hippocampal neurons in culture. Primary dendrites are extended from the cell body from 1 d in vitro (DIV) until at least 10 DIV (stages 2-4) (Dotti et al., 1988) . Dendritic branches are then extended from the primary dendrites beginning at ϳ6 DIV until ϳ12 DIV (stage 4) (Dotti et al., 1988; Akum et al., 2004) . After this burst of branching, some of the primary and secondary dendrites are pruned from 12 DIV until ϳ3 weeks in culture until the process of spine formation and maturation occurs (stage 5) (Dotti et al., 1988) .
Postsynaptic density-95 (PSD-95) is a postsynaptic scaffolding protein that acts to recruit signaling components at the synapse (Kim and Sheng, 2004) and to promote maturation of dendritic spines (El-Husseini et al., 2000) . However, PSD-95 is expressed in immature neurons before synaptogenesis, and a large majority of PSD-95 clusters are not synaptic (Okabe et al., 2001; Prange and Murphy, 2001) . Until now, no function has been attributed to this nonsynaptic pool of PSD-95. Our current studies demonstrate a role for PSD-95 in determining dendrite outgrowth and branching in immature neurons (12 DIV). We transfection (at 10 DIV) for 24 h. For immunocytochemistry, neurons were fixed at 12 or 17 DIV with ice-cold methanol for 15 min and stained with the following primary antibodies: mouse anti-PSD95 (1:200), rat anti-GFP (1:1000), rabbit anti-synaptophysin (1:500), or rabbit antiDsRed (1:1000). Staining was visualized using secondary antibodies conjugated to Cy2 or Cy3 (Jackson ImmunoResearch, West Grove, PA).
Assessment of dendrite number. Neurons were fixed and stained as described above. Labeled cells were visualized by immunofluorescence using an Olympus Optical (Tokyo, Japan) IX50 microscope with a Cooke Sensicam CCD cooled camera, fluorescence imaging system and ImagePro software (MediaCybernetics, Silver Spring, MD). Dendrite number was counted as described previously (Akum et al., 2004) , using a semiautomated procedure implemented in the statistical software package R. All decisions that involved the identification of dendrites and branch points were made by the investigator and were not automated. Specifically, digital micrographs were contrast-enhanced and, using the aforementioned software package, the number of primary dendrites for each neuron was recorded by digitally marking the points from which dendritic segments arise at the soma boundary, followed by a second round of marking at the first branch point marking the end of the primary dendritic segment. If the primary dendrite did not branch, the mark was made at the terminus of the primary dendrite. The secondary dendrite number was determined after a third round of marking at the next branch point along the length of the secondary dendrite, marking the end of the secondary segment. If the secondary dendrite did not branch, the mark was made at the terminus of the segment. Processes arising from the soma or from higher-order dendritic segments that were shorter than 3 m were rejected, because they could not be distinguished from filopodia. The software also recorded the relationships between primary and secondary dendrites, allowing for additional analysis such as the determination of the proportion of primary and secondary dendrites that branch, as well as the number of excess secondary dendrites formed at a branch point. We defined the latter as the number of secondary dendrites in excess of two that arise from a single branch point. Only secondary dendrites that clearly arose from a single branch point shared by at least two other secondary dendrites were classified as excess secondary dendrites. The formation of multiple dendrites from a single branch point is a normal branching pattern that has been shown to occur in vivo (Fan et al., 2005; Rai et al., 2005) . To reduce the possibility of researcher bias, the investigator performing the above procedure was always blinded to the experimental conditions. For U1 snRNA knockdown experiments, all neurons expressing the knockdown constructs were counted so as not to bias the data. Data for Sholl analysis were collected using a semiautomated program in R, in which the soma boundary is approximated by an ellipsoid and dendrite intersections are assessed at radial distances from the soma.
Statistical analyses of branching patterns.
To analyze the dendrite patterning we used a three-stage model. The first stage models the number of primary dendrites via a Poisson model with parameter L1. L1 is allowed to be cell-type specific and, thus, denotes the expected number of primary dendrites forming in a given cell type. We assessed the goodness of fit of the Poisson model for all constructs. The second stage of the model addresses branching of primary dendrites. We model the proportion of primary dendrites that branch via a Binomial model with parameters N (the number of primaries) and p (the proportion of branching primaries), and let X denote the number of branching primaries. The parameter p can loosely be referred to as branching probability, but note that we are not modeling an evolutionary branching process. We allow the parameter p to depend on cell type and the number of primaries, N. We found that branching proportion is significantly related to the log of the number of primaries; that is, branching proportion decreases as the number of primaries increases for all constructs, an effect we can think of as "crowding." We assessed the goodness of fit of the binomial model for all constructs. The third stage of the model addresses secondary dendrite numbers. We modeled each branch point as generating secondary branching, in excess of two, via a Poisson mixed-effects model with parameter L2 (the random effect is used to account for intraneuron dependencies). As an example, an L2 value of 1 would denote that we expect on average each branch point to be associated with three (two plus one) secondary dendrites. We allowed L2 to be cell-type specific and dependent on the number of branching primaries, X, or number of primaries, N. For our data, we saw no significant impact on L2 from N or X. We assessed the goodness of fit of the third-stage Poisson model for all constructs.
To determine which of the parameters (L1, p, L2) were cell-type specific, we used an exhaustive model search and analysis of deviance (ANO-DEV). The p values presented are based on ANODEV ( 2 tests). We selected the most parsimonious model that fits the data via AIC (Akaike, an information criterion). The p values reported were obtained by comparing the best subset models and adjusting for the number of comparisons (including the number of subset models of each "size" equals the number of constructs that differ) using Bonferroni test for multiple comparisons.
To analyze the proximal Sholl profiles (1-63 m proximal to soma), we used a Poisson generalized linear mixed model (GLMM). The random effect takes the intraneuron dependencies into account (a repeated measures ANOVA is not appropriate here because dendrite counts are obtained at various radial distances for the same neuron). The fixed effects are distance and construct. We determined whether the Sholl profiles are significantly different between constructs by testing the main group and group-distance interaction effects. The p values were obtained using ANODEV ( 2 tests). The most parsimonious model that supports the data was selected using AIC. The p values reported were obtained by selecting the best subset model of construct differences (adjusting for multiple comparisons). As a post-processing step, the differential distance effects were adjusted for multiple comparisons across all distances Ͻ63 m.
COS-7 cell culture, transfection, and quantification of microtubule disruption. COS-7 cells were plated at 70 -80% confluence and maintained in DMEM (Invitrogen, Carlsbad, CA), supplemented with 7.5% fetal bovine serum and 7.5% horse serum in a 7% CO 2 atmosphere. For transfection, COS-7 cells were replated on poly-D-lysine-coated 22 mm glass-bottom dishes (World Precision Instruments, Sarasota, FL) at an approximate density of 500 cells/mm 2 . Cells were transfected with 1.0 g of the indicated plasmid DNA encoding the indicated proteins using the LipofectAMINE 2000 (Invitrogen) method following the manufacturer's instructions. Cells were processed for immunofluorescence, as described above, using a mouse monoclonal antibody to acetylated tubulin (Sigma, St. Louis, MO) to visualize microtubules. Antibodies were visualized using secondary antibodies conjugated to Cy5 (Jackson ImmunoResearch). For live-cell imaging, culture medium was replaced with Ringer's solution (115 mM KCl, 2 mM CaCl 2 , 2.5 mM KCl, 10 mM HEPES, pH 7.4) 18 -24 h after transfection, and images were acquired on a Nikon (Tokyo, Japan) inverted microscope (TE2000) equipped with a heated stage, a 60ϫ Plan Fluor oil-immersion objective (numeric aperture, 1.3), a CCD camera (PXL1400, Roper Scientific, Tucson, AZ), and IPLab software (Scanalytics, Rockville, MD). For quantification of microtubule disruption, 20 random micrographs were taken for each replicate in the Cy5-tubulin channel. Transfected cells were marked before counting, so that the investigator could identify transfected cells but was blind to the transfection condition. The following criteria was used to define microtubule (MT) irregularity: (1) absence of a prominent microtubule organizing center (MTOC), (2) circuitous or winding MT bundles, and (3) dense MT "cages" surrounding an area devoid of tubulin fluorescence signal. Sans et al. (2000) have shown previously that PSD-95 is not expressed in postnatal day 2 rat pups, but that expression does occur by postnatal day 10. In light of this work, we analyzed whether our cultures express PSD-95 at 10 and 12 DIV, times equivalent to postnatal day 8 and 10, when dendrite branching is occurring, and at 17 and 24 DIV, respectively, time points when dendritic spines are forming. We found that PSD-95 is expressed by 10 DIV, and expression increases through 24 DIV (Fig. 1 A, B) . This pattern of expression was determined using two antibodies that we and others (Sans et al., 2000) have found to be specific for PSD-95. We then assessed whether clusters of PSD-95 are synaptic at 12 DIV by quantitating their apposition to synaptophysin staining. As seen in Figure 1 B, a majority of PSD-95 clusters are not synaptic at 12 DIV (synaptic clusters, 37.4 Ϯ 1.6%; n ϭ 36) and we observed little PSD-95 in the cell body (data not shown), whereas a majority of PSD-95 clusters become synaptic by 17 DIV (Fig. 1C, arrowheads) and a prominent pool of nonsynaptic PSD-95 clusters is present in the soma (Fig. 1C, inset, arrows) .
Results

Overexpression of PSD-95 inhibits dendritic branching
Previous studies have shown that PSD-95 promotes spine stability (El-Husseini et al., 2000) , one aspect of dendritic morphology in mature neurons with clusters of PSD-95 localized at synaptic sites. Because we found that PSD-95 is also present in young neurons in nonsynaptic clusters (Fig. 1) , we postulated that PSD-95 could participate in the development of immature dendrites. To address this, we overexpressed PSD-95 in cultured hippocampal neurons from 10 to 12 DIV (stage 4) (Dotti et al., 1988; Akum et al., 2004) and counted primary and secondary dendrites. We found that overexpression of PSD-95 for 48 h results in a significant decrease in the number of secondary dendrites but no change in the number of primary dendrites (Fig. 2 A, B) . Furthermore, both the average (Fig. 2C ) and the total (Fig. 2C, right) Figure 1. PSD-95 is expressed and is mostly nonsynaptic in hippocampal neurons at 10 DIV. A, Hippocampal neurons were grown for the indicated times and extracts were subjected to SDS-PAGE and Western blotting with an antibody to PSD-95. B, Neurons cultured for 12 DIV were double-labeled for PSD-95 and synaptophysin. Apposition of stained clusters was quantitated. Only 37.4 ϩ 1.6% of PSD-95 clusters was synaptic (n ϭ 36 neurons). C, Neurons cultured for 17 DIV were double-labeled for PSD-95 and synaptophysin. At this time point, a majority of dendritic PSD-95 clusters colocalize with synaptophysin (arrowheads), whereas most somatic PSD-95 clusters are smaller in size and do not colocalize with synaptophysin (arrows, inset). A minority of somatic PSD-95 clusters colocalize with synaptophysin (arrowheads, inset). Scale bars: B, C, 10 m, inset, 3.5 m.
dendrite length per neuron was decreased. Additional analysis indicated that this decrease in dendrite length results, at least in part, from a significant decrease in the average length per neuron of primary (Fig. 2 D, left) , but not secondary (Fig. 2 D, right) dendritic segments. This suggests that the reduction in the number of secondary dendrites by PSD-95 might result from a premature termination of primary dendrite outgrowth, before these dendrites have a chance to form a branch. We also observed a marginally significant decrease in the total secondary dendrite length per neuron (Fig. 2 E, right) , likely reflecting the loss of secondary dendrite number after overexpression of PSD-95 (Fig. 2 B) . Thus, our data suggest that PSD-95 inhibits dendrite development in immature neurons.
We further analyzed the decrease in secondary dendrite number elicited by PSD-95. Specifically, we asked whether PSD-95 decreases secondary dendrite numbers by decreasing the proportion of primary dendrites that branch or by decreasing the number of secondary dendrites generated at a branch point. Using Poisson and binomial generalized linear (mixed) models (for statistical model, see supplemental Fig. 1 , available at www. jneurosci.org as supplemental material), we estimated the nonparametric density estimates of (1) the proportion of primary dendrites that branch and (2) the number of secondary dendrites in excess of two, that are generated at each branch point (Fig. 2 D) . Interestingly, we found that overexpression of PSD-95 decreased the proportion of primary dendrites that branch ( Fig. 2 D, left) . However, when a primary dendrite of a PSD-95-expressing neuron does branch, it gives rise to the same number of secondary branches as that from a GFP-expressing neuron ( Fig.  2 D, right) . We further asked whether this effect was restricted to proximal dendrite branching, or whether PSD-95 can also inhibit the formation of higher order branches. As shown in Figure 2 F, PSD-95 expression did not change the proportion of secondary dendrites that give rise to tertiary branches. Together, our data suggest that PSD-95 decreases the number of secondary dendrites by decreasing the proportion of primary dendrites that branch. These data also suggest that PSD-95 acts to inhibit branching proximal to the cell body and that decreases in additional branching is caused by the decreased number of secondary dendrites that can give rise to tertiary dendrites.
To determine whether these observations reflect a specific role of PSD-95 in the regulation of dendritic branching or a general effect by proteins with similar domain structures, we overexpressed the PSD-95 family members SAP-97 and SAP-102, which bear a domain organization very similar to PSD-95. As shown in Figure 2G , neither SAP-97 nor SAP-102 elicited a significant change in the number of primary and secondary dendrites. These results are consistent with a specific role for PSD-95 in the regulation of dendritic branching in immature neurons.
To elucidate the role of PSD-95 in higher-order dendritic Note that with expression of PSD-95-DsRed1, there was a marginal decrease in total secondary dendrite length per neuron, likely resulting from the decrease in the number of secondary dendrites. p ϭ 0.0508 by Welch t test. F, Left, Proportion of primary dendrites that branch is lower in the neurons that overexpress PSD-95 (Binomial ANODEV, p ϭ 0.00039). Middle, PSD-95 has no effect on the number of excess secondary dendrites (Poisson ANODEV, p ϭ 0.39). Right, PSD-95 has no significant effect on the proportion of secondary dendrites that branch. G, Neither primary nor secondary dendrite number was altered when neurons overexpressed PSD-95 family members SAP-97 and SAP-102 from 10 -12 DIV. H, Sholl analysis of neurons shows that overexpression of PSD-95 (asterisks) results in significantly fewer dendrites at 36 -63 m from the soma compared with GFP (open squares). For each distance (9 -63 m), the effect of PSD-95 was quantified using Poisson GLMM, and p values were adjusted using Bonferroni corrections for multiple comparisons across all distances. In the range 36 -63 m, all adjusted p values were Ͻ0.002 with effect sizes increasing from 36 to 63 m (a 36% decrease and 48% decrease, respectively). Error bars indicate SE.
branching, we performed Sholl analysis by measuring the number of dendrites that cross ellipsoids at different radial distances from the cell body (see Materials and Methods). As seen in Figure 2 H, overexpression of PSD-95 results in a decrease in dendrite number proximal to the soma and shorter overall dendritic length, as evidenced by the number of intersections falling to zero more rapidly than that of control (GFP-expressing) neurons. The results of our Sholl analysis agree with the dendrite length measurements presented in Figure 2C -E. Thus, our data suggest that PSD-95 acts as a stop signal for secondary and higher-order dendrite formation by decreasing the proportion of primary dendrites that branch. In addition, our Sholl analysis suggests that PSD-95 also suppresses higher-order dendrite formation ( Fig. 2 E) . 
Knockdown of PSD-95 protein results in increased dendrite branching
If PSD-95 acts as a stop signal for branching, then decreasing PSD-95 expression should result in an increase in secondary dendrites. To test this hypothesis, we knocked down PSD-95 using a previously described method: treatment with a 15-nucleotide oligomer phosphodiester antisense ODN (Sattler et al., 1999; Hou et al., 2003 Hou et al., , 2005 . As in these studies, treatment with sense ODN served as a negative control (Sattler et al., 1999; Hou et al., 2003 Hou et al., , 2005 . Furthermore, we used an ODN for cortactin as a second negative control because cortactin has been shown to play no role in regulating primary and secondary dendrite number (Hoogenraad et al., 2005) . In our hands, the antisense ODN for PSD-95 decreased PSD-95 expression by 65% versus control (sense ODN) treatment (n ϭ 3) (Fig. 3B ) and the ODN for cortactin had no effect on PSD-95 expression (data not shown). This was assessed by Western blotting, representing the neuronal population as a whole. Nonparametric analysis of these neurons results shows that decreased PSD-95 levels resulted in a modest increase in the number of primary dendrites, and a significant increase in the number of secondary dendrites ( Fig.  3 A, C). ODN for cortactin showed no change in primary and secondary dendrite number compared with sense control (7.9 Ϯ 0.52 primary dendrites and 12.9 Ϯ 0.79 secondary dendrites for cortactin vs 7.7 Ϯ 0.43 primary dendrites and 12.5 Ϯ 0.74 secondary dendrites for sense; p Ͼ 0.05 by Tukey-Kramer multiple comparisons test). We then analyzed whether knocking down PSD-95 affects dendrite length. We found that the average dendrite length and total dendrite length decreased when neurons were treated with antisense ODN compared with sense ODN (Fig. 3D) . We further determined that this decrease in dendrite length results from a decrease in the average lengths per neuron of both the primary and secondary dendritic segments (Fig. 3E) . Thus, when PSD-95 was knocked down, there were more secondary dendrites, which were shorter in length. This decrease in length may be attributable to the fact that increased branching exhausts a limiting reagent required for dendrite outgrowth. This notion is supported by the finding that, although the average segment length is decreased (Fig. 3E) , the total length per neuron of primary and secondary dendritic segments remains unchanged ( Fig. 3F ) when PSD-95 is knocked down. Interestingly, our statistical model (supplemental Fig. 1 , available at www.jneurosci.org as supplemental material) shows that, although the number of excess secondary dendrites was significantly higher when PSD-95 was knocked down (Fig. 3G, middle) , knock-down of PSD-95 had no effect on the proportion of primary dendrites that branch, even after taking into account the increase in the number of primary dendrites (Fig. 3G, left) . Thus, the increase in the number of secondary dendrites seen when PSD-95 is knocked down cannot be accounted for merely by the fact that there are more primary dendrites. Rather, these data support the idea that when PSD-95 is decreased or absent, primary dendrites give rise to more secondary branches originating from the branch point. In addition, consistent with the exhaustion of a limiting reagent (and therefore premature termination of higher-order dendritic arborization), we found that these secondary dendrites are less likely to form tertiary branches (Fig. 3G,  right) . Together with the PSD-95 overexpression data, these data support the notion that PSD-95 regulates secondary dendrite number by controlling primary dendrite branching and tertiary dendrite number by controlling secondary branching. To further understand how decreasing PSD-95 expression affects the entire neuron, we performed Sholl analysis. As seen in Figure 3H , antisense treatment results in an increase in the number of proximal dendrites, and a decrease in the overall length of dendrites, as evidenced by a more rapid decay of the curve for antisense ODNtreated neurons compared with the curve for sense ODN-treated neurons. Sholl analysis also shows that treatment with ODN for cortactin exhibits similar dendrite numbers to those of the sense control ODN (data not shown; p ϭ 0.355), strongly suggesting that PSD-95 has a specific effect on dendrite number. These data are in agreement with our analysis of proximal dendrite number and dendrite lengths (Fig. 3C-F ) .
Because ODN most likely knocks down PSD-95 protein in all neurons in the culture, we asked whether knocking down PSD-95 in individual neurons, acting in a cell autonomous manner, would result in increased dendrite branching. Thus, we transfected neurons with a cDNA encoding a 5Ј end-mutated U1 snRNA corresponding to a region in the 3Ј untranslated region (3ЈUTR) of PSD-95 (Fig. 4) . When we expressed this construct from 10 to 17 DIV, both cluster size and intensity significantly decreased (60 and 25% decrease, respectively) (Fig. 4 A) . We then assessed dendrite number in these neurons compared with that of neurons transfected with a control vector (nonmutated U1 snRNA) (Fig. 4 B, C) . We found that PSD-95 knockdown had no significant effect on primary dendrite number (Fig. 4 B, C, left) , but significantly increased secondary dendrite number (Fig.  4 B, C, right) . In addition, to control for nonspecific effects of the U1 transgene, we coexpressed the transgene with a PSD-95 construct lacking the U1 target sequence (Fig. 4 B, C) . We found that expression of exogenous PSD-95 when endogenous PSD-95 is knocked down brings the number of secondary dendrites back to control levels (Fig. 4 B, C, right) . Together, our antisense and 5Ј end-mutated U1 snRNA experiments suggest that knock down of PSD-95 results in increased dendrite branching.
PSD-95 inhibits dendrite branching in an activity-independent manner
One mechanism by which PSD-95 may affect dendrite branching is by modulating neuronal activity (see Fig. 9A ). For example, PSD-95 has been shown to increase surface expression of NMDA receptors in hippocampal neurons (Lin et al., 2004) . In turn, neuronal activity has been shown to alter dendrite branching (McAllister et al., 1996; Jin et al., 2003; Yu and Malenka, 2003) . To address whether decreased secondary branching is caused by increased signaling by NMDA receptors, we treated control (GFP-expressing) or PSD-95-overexpressing neurons with APV, an NMDA receptor antagonist. We then counted the number of primary and secondary dendrites. As shown in Figure 5 , A and B, APV significantly decreased primary dendrite number and, as expected, overexpression of PSD-95 had no effect on primary dendrite number. Quite strikingly, both treatment with APV and overexpression of PSD-95 each resulted in a 33% decrease in secondary dendrite number, and their effects were greater when neurons were subjected to both conditions simultaneously (Fig.  5B) . Thus, treatment with APV does not occlude the effects of PSD-95 overexpression; rather, the effects of both are partially additive.
It has been reported that overexpression of PSD-95 can also affect the synaptic localization of AMPA receptors (Chen et al., 2000; El-Husseini et al., 2000; Schnell et al., 2002; Cuadra et al., 2004; Ehrlich and Malinow, 2004) . To test whether PSD-95 affects dendrite branching by increasing the number of synaptic AMPA receptors, we treated control (GFP-expressing) or PSD-95-overexpressing neurons with CNQX, an AMPA receptor an-tagonist. As shown in Figure 5 , A and C, neither CNQX nor PSD-95 overexpression affected primary dendrite number. However, both treatments resulted in a significant decrease in secondary dendrite number, and exposure to CNQX with PSD-95 overexpression resulted in a slightly larger decrease in secondary number (Fig. 5C ). Like APV treatment, CNQX treatment did not block the effects of PSD-95 overexpression on dendrite number. We then tested the effect of spontaneous electrical activity on PSD-95-mediated decreases in secondary dendrite number by treating the transfected neurons with TTX. As seen in Figure 5 , A and D, TTX had no effect on primary dendrites. Furthermore, both PSD-95 overexpression and TTX treatment resulted in decreased secondary dendrite number (Fig. 5D) , and TTX did not block the effects of PSD-95 (Fig. 5D) . Finally, to further confirm that a block in activity does not affect PSD-95 action on dendrite number, we performed Sholl analysis (Fig. 5 E, F ) on the entire neuron to assess overall effects of activity-blocking agents (Fig. 5E ) and then focused on the 63 m closest to the cell body (Fig. 5F ) to assess proximal effects (Hoogenraad et al., 2005) . As seen in Figure 5 , E and F, neither APV, CNQX, nor TTX blocked the effects of PSD-95 on dendrite number. In fact, the effects of these drugs and PSD-95 were additive. Thus, because none of the inhibitors of activity blocked the effect of PSD-95 on secondary dendrite number, our data support the idea that PSD-95 acts intrinsically to regulate dendrite number in an activity-independent manner (see Fig. 9A ).
Interactions between PSD-95 and cypin in controlling dendrite number
Previous studies have shown that cypin, a PSD-95 interacting protein, enhances dendritic branching (Akum et al., 2004) . Therefore, it is possible that PSD-95 reduces branching by inhibiting cypin function. Conversely, cypin could increase branching by negatively regulating PSD-95. Indeed, cypin negatively regulates PSD-95 localization (Firestein et al., 1999) . To test these two hypotheses, we simultaneously overexpressed both cypin and PSD-95 for 48 h and counted primary and secondary dendrites at 12 DIV to determine whether the effect of one molecule or the other would predominate. We found that overexpressing PSD-95 attenuated the increase in primary and secondary dendrite number promoted by overexpressing cypin (Fig. 6 A, B) . Furthermore, overexpression of PSD-95 significantly decreased secondary dendrite number below basal levels (GFP) even when cypin was overexpressed ( Fig. 6 A, B) . Our results suggest that elevated PSD-95 levels can suppress dendrite branching, even when cypin levels are elevated, suggesting that PSD-95 stops dendrite branching and that cypin regulates branching by antagonizing PSD-95.
In addition to regulating dendrite number, the clustered distribution of PSD-95 suggested that PSD-95 might regulate the pattern of dendritic branching. To understand how PSD-95 acts to regulate dendrite patterning, we analyzed the statistical distribution of the proportion of primary dendrites that branch and the formation of excess secondary dendrites. As seen in Figure 6C (left), overexpression of PSD-95 with cypin decreased the proportion of primary dendrites that branch compared with overexpression of cypin alone. Cypin overexpression also increased the number of excess secondary dendrites, and coexpression of PSD-95 blocked this effect (Fig. 6C, right) . Thus, PSD-95 blocks all effects of cypin on dendrite formation and branching, suggesting that the two proteins may act in a sequential pathway to regulate dendrite morphology with PSD-95 acting downstream of cypin.
Because cypin increases dendrite number by antagonizing PSD-95, we were perplexed by our previous results that showed an increase in primary and secondary dendrite number by 12 DIV in neurons that overexpressed cypin-PDZ (PSD-95, discs large, zona occludens-1 domain), a cypin mutant that lacks the interaction motif for PSD-95 (Akum et al., 2004) . We therefore analyzed neurons overexpressing wild-type cypin and cypin-PDZ counted the number of dendrites at 17 DIV, when neurons are mature and spines are beginning to form. Consistent with our previous results, cypin increased primary and secondary dendrite number at this time point (Fig. 7A) ; however, the number of primary dendrites at 17 DIV was reduced when compared with that of 12 DIV (Fig. 7A) . Interestingly, there appeared to be excessive pruning of secondary dendrites in our cultures from 12 to 17 DIV for neurons that overexpressed cypin-PDZ (Fig. 7A) , resulting in no increase in primary or secondary dendrites over basal (GFP) conditions by 17 DIV (Fig. 7A) . Thus, elevating cypin Overexpression of cypin can increase dendrite number by both 12 and 17 DIV. We have shown previously that cypin binds to tubulin heterodimers and promotes microtubule assembly (Akum et al., 2004) . Cypin-PDZ does promote microtubule assembly and, hence, increases dendrite number by 12 DIV. However, these new dendrites cannot be detected by 17 DIV, suggesting that the dendrites induced by this mutant protein are transient. To examine the pattern of these transient dendrites more closely, we analyzed the statistical distribution of neurons that overexpress GFP, cypin, or cypin-PDZ. We found that although the proportion of primary dendrites that branch is independent of whether any of the three proteins are expressed (Fig. 7B , top two panels), the number of excess secondary branches is higher when cypin is overexpressed than when GFP and cypin-PDZ are overexpressed for both 12 and 17 DIV (Fig. 7B , bottom two panels). Therefore, our data suggest that primary dendrites promoted by cypin and cypin-PDZ are pruned. They also support the idea that there are more secondary dendrite branches formed by cypin and that these branches remain stable. In contrast, cypin-PDZ cannot increase the number of secondary branches made at a branch point.
Consistent with the idea that cypin may be required to stabilize induced dendrite branches, we found that the increase in secondary dendrite branches could not be detected when PSD-95 antisense ODN treatment was maintained until 17 DIV (Fig. 7C) . However, we found that whereas the number of secondary dendrites was indistinguishable from sense control, there was a small yet significant increase in the number of primary dendrites after treatment with PSD-95 antisense ODN until 17 DIV. This may reflect the strong inhibition of primary dendrite outgrowth by PSD-95, which is heavily labeled in the soma (Fig.  1C) . Because treatment with PSD-95 ODN showed a marginally significant increase in the number of primary dendrites at 12 DIV (Fig. 3C) , a more prolonged period of antisense ODN treatment may be required to relieve the inhibition of primary dendrite outgrowth by PSD-95.
PSD-95 disrupts microtubule organization
We asked how PSD-95 might act independently of neuronal activity to regulate dendrite branching. We therefore tested the hypothesis that PSD-95 alters cytoskeletal organization. Indeed, it has been shown that PSD-95 is indirectly linked to tubulin and actin via intermediate proteins (Brenman et al., 1998; Naisbitt et al., 1999; Passafaro et al., 1999) . To test whether expression of PSD-95 affects the organization of the cytoskeleton, we overexpressed it in COS-7 cells, a cell type in which changes in MT organization are more easily observable than in neurons (Fig.  8 A-C) . In these cells, PSD-95-GFP or PSD-95-DsRed1 formed large aggregates in the perinuclear region, as well as smaller aggregates throughout the cell (Fig. 8 A, top row) . Anti-acetylated tubulin immunofluorescence revealed that most cells transfected with PSD-95 exhibited a less prominent MTOC and irregular MT distribution pattern. In these cells, the MT bundles wound circuitously around a central axis or formed tight cages around larger PSD-95 aggregates. This is in contrast to control cells transfected with either GFP or DsRed1, localized mainly to the nucleus, that exhibited astral MT bundles originating from a single MTOC (Fig. 8 A, bottom row) . These data suggest that PSD-95 disrupts the normal MT organization. In addition, quantitative analysis revealed that overexpression of PSD-95 significantly increased the proportion of cells that exhibited an irregular MT organization compared with neighboring untransfected cells or to cells transfected with GFP or DsRed1 alone (Fig. 8C) . For each of the indicated constructs, the percentage of transfected cells (Fig. 8C , white bars) and neighboring untransfected cells (Fig. 8C , black bars) exhibiting irregular MT arrangement was determined. We used the following criteria to define MT irregularity: (1) absence of a prominent MTOC, (2) circuitous or winding MT bundles, and (3) dense MT cages surrounding an area devoid of tubulin fluorescence signal. For quantification, the investigator was blind to the transfection conditions. As shown in Figure 8C , the majority of cells transfected with PSD-95-GFP had irregular MTs compared with a small proportion of neighboring untransfected and GFP-transfected cells. Similarly, a majority of cells transfected with PSD-95-DsRed1 had irregular MTs compared with a small . PSD-95 binding is essential for stabilizing cypin-promoted dendrites. A, Hippocampal neurons were transfected with cDNAs encoding the indicated constructs (Nterminally tagged with GFP) at 10 DIV and the number of primary and secondary dendrites were assessed at 12 (white bars) and 17 DIV (black bars). Overexpression of cypin resulted in increased primary and secondary dendrite number at both 12 and 17 DIV; however, overexpression with cypin-PDZ, a mutant that cannot interact with PSD-95, resulted in a transient increase in dendrite number at 12 but not 17 DIV. n values are as follows: 12 DIV, GFP, 33; cypin, 30; cypin-PDZ, 24; 17 DIV, GFP, 20; cypin, 29; cypin-PDZ, 12. *p Ͻ 0.05; ** p Ͻ 0.01; ***p Ͻ 0.001 by Kruskal-Wallis test followed by Dunn's multiple comparisons test as compared with GFP control.
XX p Ͻ 0.01; XXX p Ͻ 0.001 versus GFP at 12 DIV. O p Ͻ 0.05; OOO p Ͻ 0.001 versus GFP at 17 DIV. B, Statistics collected for the samples of neurons in the different populations (GFP, cypin, cypin-PDZ). Left, 12 DIV; right, 17 DIV. The proportion of primary dendrites that branch is the same for all neurons (top row) for both time points ( p ϭ 0.17 and 0.49 respectively). The number of excess secondary branches is higher for neurons that overexpress cypin than GFP and cypin-PDZ. p Ͻ 1 ϫ 10 Ϫ16 for cypin and p ϭ 0.8 for cypin-PDZ versus GFP control at 12 DIV; p ϭ 2.8 ϫ 10 Ϫ7 for cypin and p ϭ 0.37 for cypin-PDZ versus GFP control at 17 DIV. C, Hippocampal neuronal cultures were treated with PSD-95 antisense ODN or sense controls until 17 DIV. The increase in the number of secondary dendrites by treatment with PSD-95 antisense ODNs at 12 DIV was lost by 17 DIV. Note that there was a significant increase in the number of primary dendrites when cultures were treated with PSD-95 antisense compared with sense control at 17 DIV. *p Ͻ 0.05 by Mann-Whitney test. Error bars indicate SE.
percentage of neighboring untransfected cells and cells transfected with DsRed1 alone. To exclude the possibility that this phenomenon was a byproduct of fixation, COS-7 cells were transfected with PSD-95-DsRed1 and tubulin-GFP to visualize MTs in living cells (Fig. 8 B) . As above, when COS-7 cells were cotransfected with PSD-95-DsRed1 (Fig. 8 B, inset) , the tubulin-GFP assembled into MT bundles that assumed a circuitous pattern (Fig. 8 B, bottom left) , compared with neighboring cells transfected only with tubulin-GFP (Fig. 8 B, top right) , which exhibited the normal MT arrangement. Thus, in combination with our data in neurons, these results suggest that PSD-95 may act to inhibit dendrite branching by disrupting microtubule organization.
Discussion
Regulation at the level of dendritic outgrowth, branching, and patterning is essential for the formation of distinct neuronal circuitry. Although many proteins have been identified that contribute to and influence these processes, little is known about the molecular and cellular mechanisms that regulate dendritic arbors. Our current data indicate that PSD-95, a postsynaptic scaffolding protein, also exhibits a nonsynaptic function in dendritic development. Specifically, our data suggest that PSD-95 acts as a stop signal for proximal dendrite outgrowth and branching. We also identified cypin, a PSD-95 binding protein, as a key regulator that counterbalances the PSD-95 inhibition of branching. Our data suggest that during dendrite maturation, the balance between PSD-95 and cypin influences the course of dendritic branching. A decrease in available PSD-95, either by knockdown strategy or by overexpressing cypin (Firestein et al., 1999; Akum et al., 2004) , results in increased secondary dendrite number (Fig. 9B) . Overexpression of PSD-95 resulted in decreased secondary dendrite number; however, primary dendrites remained unchanged, possibly because of inhibition of primary dendrite formation by endogenous PSD-95. Furthermore, we found that the interaction between cypin and PSD-95 shapes dendrite patterning (Fig. 9 B, C) , and overexpression of a cypin mutant protein that cannot interact with PSD-95 (cypin-PDZ) resulted in less excess secondary branches (i.e., less dendrites at the primary branch point) (Fig.  9B) . Finally, our data indicate that PSD-95 may inhibit secondary dendrite formation by disrupting the microtubule organization (Fig. 8 A-C) . Thus, our data suggest that PSD-95 acts as a stop signal for proximal dendrite branching and that an underlying mechanism may involve binding by cypin to remove PSD-95 from branching sites to promote stable dendrite formation and branching.
The idea that PSD-95 acts as a brake for dendrite branching is quite interesting because the majority of studies have focused on the role of PSD-95 as a scaffolding protein at postsynaptic sites (Kim and Sheng, 2004) . Our present study analyzes the role of nonsynaptic PSD-95 in immature neurons. Based on our data, we hypothesize that the clustering of PSD-95 serves to inhibit branching at precise locations. Furthermore, we hypothesize that a decrease in PSD-95 clustering at a potential branch point serves as a signal for dendrite branch formation. Indeed, we find that the majority of branch points (66.7 Ϯ 4.7%) lack PSD-95 clusters. Thus, PSD-95 functions as a maturation protein because mature neurons branch less frequently while beginning to form dendritic spines (Dotti et al., 1988) . This model is in agreement with previous data demonstrating that PSD-95 is involved in the morphological maturation of excitatory synapses (El-Husseini et al., 2000) . Furthermore, the idea that PSD-95 mediates its effects by disrupting the microtubule cytoskeleton independent of neuronal activity gives insight into mechanisms that underlie how the branching pattern of a neuron is determined.
Why does PSD-95 overexpression affect the proportion of primary dendrites that branch and not the number of excess secondary dendrites at a branch point, whereas PSD-95 knockdown affects the number of excess secondary dendrites and not the proportion of primary dendrites that branch? One explanation is as follows (Fig. 9B, top three panels) . There are predetermined sites for dendrite branching in the neuron, and not all of these sites are saturated with PSD-95. With overexpression of PSD-95, more of these sites become saturated with PSD-95, thus decreasing the probability that a secondary dendrite will arise from a primary dendrite. In contrast, when PSD-95 is knocked down, PSD-95 levels will fall at a subset of the predetermined sites, resulting in the same probability that a particular dendrite will branch. Once PSD-95 drops below a certain level, the primary dendrite will continue to branch, yielding more secondary dendrites at that branch point.
Our data also indicate that PSD-95 may serve to strongly inhibit primary dendrite outgrowth. When hippocampal neuronal cultures were treated with PSD-95 antisense ODNs until 12 DIV, we found the number of secondary dendrites to be significantly increased with only a marginally significant increase in primary dendrites. However, when PSD-95 antisense ODN treatment was maintained until 17 DIV, we found that there was a significant increase in the number of primary dendrites in these neurons (Fig. 7C) . We hypothesize that this increase in primary dendrite formation after prolonged PSD-95 knockdown reveals the strong inhibition by nonsynaptic PSD-95 that is present in high abundance in the soma (Fig. 1C) . Accordingly, only prolonged treatment with PSD-95 antisense ODN can relieve the inhibition by PSD-95 on dendrite outgrowth (Fig. 9 B, C) .
The role of PSD-95 in dendrite branching has not been addressed in studies using the PSD-95 knockout mouse (Migaud et al., 1998) ; however, this mouse expresses a truncated version of PSD-95 containing PDZ 1 and 2. Because this region is important for PSD-95 localization (Craven et al., 1999) and for cypin binding (Firestein et al., 1999) , it is not the optimal mutant with which to study the role of PSD-95 in dendrite branching. Furthermore, compensatory mechanisms may occur. Our culture system allows temporal knockdown of PSD-95 protein for assessment of its role in dendrite branching and, thus, decreases the chance of compensatory mechanisms over a small developmental time period.
What is the physiological relevance of decreasing PSD-95 clusters during dendrite branching? PSD-95 has been shown to be involved in the targeting of AMPA receptors (Chen et al., 2000; Chetkovich et al., 2002; Schnell et al., 2002; Colledge et al., 2003) and Kv1.4 (Firestein et al., 1999) , as well as signaling molecules such as neuronal nitric oxide synthase (Brenman et al., 1996) to the synapse. Localization of PSD-95 to postsynaptic sites occurs after axodendritic contact and neurotransmitter vesicle and protein complex recruitment to presynaptic sites and coincides with glutamate receptor recruitment (Friedman et al., 2000) . Furthermore, NMDA receptor recruitment to synapses can be concurrent with PSD-95 recruitment (Washbourne et al., 2002) . It is conceivable that the nonsynaptic PSD-95 clusters detected at early time points (Fig. 1 A) are in transit to developing synaptic sites. In order for a neuron to branch, it is plausible that it would have to deconstruct protein complexes that are destined for postsynaptic sites. Thus, decreased PSD-95 clusters would allow both this deconstruction and dendrite branching simultaneously. PSD-95 would then act as a link between these two processes.
The finding that PSD-95 acts via an activity-independent mechanism to regulate dendrite number provides an intriguing mechanism underlying the nonsynaptic effects of PSD-95. It is known that NMDA and AMPA receptors regulate dendrite branching ( (Lin et al., 2004) and AMPA receptors (Chen et al., 2000; El-Husseini et al., 2000; Schnell et al., 2002; Cuadra et al., 2004; Ehrlich and Malinow, 2004) . *Because neuronal activity positively regulates dendritic branching (McAllister et al., 1996; Jin et al., 2003; Yu and Malenka, 2003) , PSD-95 overexpression would be expected to increase dendritic branching. However, we found that PSD-95 overexpression has a negative impact on dendritic branching, suggesting that PSD-95 acts via a mechanism that is independent of and dominant over any concurrent PSD-95-induced increases in neuronal activity. B, In control neurons (GFP), PSD-95 (filled circles) acts to inhibit secondary dendrite growth, whereas PSD-95 overexpression results in decreased secondary dendrites. Conversely, when PSD-95 is knocked down, secondary dendrite number is transiently increased (dashed lines). Some PSD-95 clusters in the cell body may be decreased (smaller filled circles), resulting in an insignificant ( p ϭ 0.0713) increase in primary dendrite number at 12 DIV, but becoming significantly larger when PSD-95 knockdown treatment is maintained until 17 DIV. This suggests that a longer knockdown regimen is needed to relieve the inhibition on primary dendrite outgrowth by somatic PSD-95, which is localized at a higher density than dendritic PSD-95 (Fig. 1C) . Overexpression of cypin causes an increase in primary and secondary dendrites, some of which are pruned later in development (dashed lines). When cypin-PDZ is expressed, PSD-95 clusters are unchanged and secondary dendrite formation is inhibited. C, PSD-95 acts as a stop signal for secondary dendrite formation, possibly by disrupting MT growth and organization. Decreased PSD-95 clustering, regulated by the PDZ binding of cypin, results in increased secondary dendrite number. Alternatively, cypin-independent regulation of dendrite formation, such as inhibition of primary dendrite outgrowth by somatic PSD-95, may exist. In parallel, cypin increases both primary and secondary dendrite formation by promoting microtubule assembly.
receptors to the dendritic surface and synapse (Chen et al., 2000; El-Husseini et al., 2000; Schnell et al., 2002; Cuadra et al., 2004; Ehrlich and Malinow, 2004; Lin et al., 2004) . However, we found that blocking the activity of these receptors has no effect on regulation of dendrite number by PSD-95. Instead, we found that PSD-95 disrupts the microtubule cytoskeleton, which may lead to decreased dendrite branching (Figs. 8, 9 ). This is quite different from recent reports of scaffolding proteins and their regulation of dendritic branching. For example, Hoogenraad et al. (2005) have found that the PDZ-containing protein GRIP exerts its effects on dendrite branching via the EphB2 receptor (Hoogenraad et al., 2005) .
At the present, our data provide the groundwork for future studies into the cellular mechanisms underlying PSD-95 inhibition of dendritic branching. Previous studies have shown that PSD-95 can bind to adenomatous polyposis coli (APC) (Yanai et al., 2000; Takamori et al., 2006) and that proteins like the ϩTIPs (microtubule plus-end tracking proteins) interact with APC to regulate microtubule dynamics and targeting (Nakagawa et al., 2000) . In addition, PSD-95 may associate with microtubules via CRIPT (cysteine-rich interactor of PDZ3) (Passafaro et al., 1999) , and this interaction may be important in regulating dendrite branching. Together, our current data suggest a novel intrinsic regulation of dendrite outgrowth and branching by PSD-95, possibly by the alteration of microtubule dynamics.
